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THDAbstract This paper proposes two advanced algorithms for multilevel Z-source inverter (MLZSI),
which employ space vector control (SVC) as control algorithm of cascaded H-bridge multilevel
Z-source inverter; where output voltage is achieved by summing the output voltages of bridge. In
these algorithms different states to generate the same voltage with low THD, as the purpose, are
veriﬁed and the suitable one is selected. This method is simple and has appropriate performance,
where sample time is set quietly. Use of Z-network allows the inverter to generate a wide range
of output voltage with high reliability. The accuracy of suggested algorithms is validated with sim-
ulation results using MATLAB/SIMULINK software and experimental results based PCI-1716
data acquisition system.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Power inverters of both two-level and multilevel conﬁgurations
have so far been broadly applied to a vast number of dc–ac
power inversion applications, including ac motor drives,
renewable energy interfacing and uninterruptable power
supplies [1–6].
The modulation methods used in multilevel inverters can be
classiﬁed according to switching frequency [6–9]. SVC ﬁrst
proposed in [7]. This control strategy works with low switching
frequencies and does not generate the mean value of the
desired load voltage in every switching interval, as is the prin-
ciple of SVM [6]. This method, also, produces a high-qualityload voltage working [1]. In addition, SVC, in general, has bet-
ter performance than carrier-based PWM methods. The vector
control strategy is simple and it can be easily implemented in a
standard DSP motor controller [1].
A very attractive alternative in multilevel energy conversion
is the cascaded topology which uses the series connection of
multiple single-phase voltage-source inverters (VSIs) [4] where
the output phase voltage waveform of a cascaded inverter with
isolated dc voltage sources is achieved by summing the output
voltages of bridges. Total harmonic distortion (THD) is used
for the evaluation in multilevel inverter. THD is deﬁned as
follows:
%THD ¼ 100
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
k–1
Vk
V1
 2vuut ð1Þ
where k is the number of harmonics.
For the boost or buck of multilevel output voltage a
DC/DC converter is needed. Z-source converter (ZSC) a novel
power converter with both buck and boost capabilities was
ﬁrst proposed in 2002 [10]. The beneﬁts of the Z-source
Nomenclature
Vdc dc voltage
vi output voltage of impedance network
B boost factor
T period of switching
Tst total shoot-through state period
VSC straight line for control of shoot-through state in
PWM
Vca peak value of triangle waveform in PWM
Tca triangle period time in PWM
T1 shoot-through time during quarter of triangle per-
iod time in PWM
vAN, vBN and vCN voltages of terminals A, B and C
a complex operator
vx and vy components of voltage in x and y axes
vref reference voltage
vpu per unit voltage
vdes desired fundamental voltage
ma modulation index
n shoot-through states
L number of shoot-through state of n
S sample accuracy of ma
1162 A. Baghbany Oskouei, A.R. Dehghanzadehinverter (ZSI) are lower costs, lower complexity, higher relia-
bility and higher efﬁciency compared to traditional inverters
[11]. Most recent publications have focused on modiﬁed pulse
width modulation (PWM) switching algorithms for Z-source
inverter [10,12]. In order to produce ﬂexible ac output voltage,
a modiﬁed PWM strategy must be applied with proper shoot-
through duty ratio [10,13].
This paper proposes the development of Z-source inverter
based on SVC algorithm. It also suggests two advanced SVC
algorithms for multilevel Z-source inverter. Cascaded
H-bridge topology is used as a multilevel inverter combined
with Z-source inverter. Sections 2 and 3 present the working
principle of the advanced algorithms. For verifying these
strategies, simulations are performed with their captured
results presented in Section 4.
2. Cascaded H-bridge multilevel Z-source inverter
The Z-source inverter structure is shown in Fig. 1. With the
analyses of circuit, vi is obtained as [10,14]:
vi ¼ 1
1 2 Tst
T
 !
Vdc ð2Þ
B ¼ 1
1 2 Tst
T
ð3Þ
Fig. 2 shows the cascaded H-bridge 5-level Z-source inver-
ter. The output voltage is achieved by summing the output
voltages of bridge. Each H-bridge inverter can generate three
different voltage outputs +vi, 0, vi [2].
This conﬁguration, unlike the traditional multilevel invert-
ers, has one extra zero state (or vector) when the terminals of
each H-bridge are shorted through both the upper and lowerFigure 1 Z-source inverter structure.devices of any one leg or any two legs. So each H-bridge is
turned into shoot-through state when the output voltage level
is traditional zero.
Table 1 indicates the values of vo for possible states of
switches in cascaded H-bridge 5-level Z-source inverter.
3. Switching algorithms
3.1. PWM
The most common algorithm among switching methods is the
sinusoidal pulse width modulation (SPWM). This algorithm is
based on a comparison of a sinusoidal reference waveform and
carrier triangular waveforms. Each H-bridge uses two triangu-
lar waveforms for PWM switching, and one straight line (VSC)
to control of shoot-through state time. When carrier waveform
is greater than VSC or lower than VSC, the related H-bridge
turns into shoot-through state and otherwise the inverter oper-
ates just as traditional PWM. So, boost factor of this inverter
can be controlled by the value of VSC. Fig. 3 shows waveforms
for shoot-through state. Then it can be obtained as follows:
Tst
T
¼ T1
Tca
4
ð4Þ
where T1 is shoot-through time during half of triangles period
time, Tca. It is clear that:
T1
Tca
4
¼ Vca  VSC
Vca
ð5Þ
Therefore, boost factor is obtained as follows:
B ¼ 1
1 2 VcaVSC
Vca
  ð6Þ3.2. Advanced SVC algorithms
This control method is based on the voltage vector generated
by the inverter, deﬁned as [1]:
vðtÞ ¼ 2
3
½vANðtÞ þ avBNðtÞ þ a2vCNðtÞ ð7Þ
where vAN, vBN and vCN are the voltages of terminals A, B and
C with respect to the neutral N. Considering the cascaded H-
Figure 2 Conﬁguration of the cascaded H-bridge 5-level Z-source inverter.
Table 1 Possible states of switches.
Voltage level Output
voltage
ON switches
Level 2 (non shoot-through) 2Vin S3, S4, S5, S6
Level 1 (non shoot-through) Vin S1, S3, S5, S6
Level 1 (shoot-through) Vin S1, S2, S3, S4, S5, S6
Level 1 (non shoot-through) Vin S3, S4, S5, S7
Level 1 (shoot-through) Vin S3, S4, S5, S6, S7, S8
Level 0 (non shoot-through) 0 (V) S3, S4, S7, S8
Level 0 (shoot-through) 0 (V) ––
Level 0 (non shoot-through) 0 (V) S1, S3, S5, S7
Level 0 (shoot-through) 0 (V) S1, S2, S3, S4, S5, S7
Level 0 (shoot-through) 0 (V) S1, S3, S5, S6, S7, S8
Level 1 (non shoot-through) Vin S1, S3, S7, S8
Level 1 (shoot-through) Vin S1, S2, S3, S4, S7, S8
Level 1 (non shoot-through) Vin S1, S2, S5, S7
Level 1 (shoot-through) Vin S1, S2, S5, S6, S7, S8
Level 2 (non shoot-through) 2Vin S1, S2, S7, S8
Figure 3 Modulation waveforms for shoot-through state.
Figure 4 An enlarged representation voltage vector.
Generalized space vector controls 1163bridge 7-level inverter with 3 cells per phase, each phase can
generate 7 different voltages. The representation of the voltage
vectors in the complex plane considers that [1]:
vðtÞ ¼ vx þ jvy ð8Þ
where vx and vy correspond to the components of v(t) in the x
and y axes, respectively. These components are given by [1]:
vx ¼ 1
3
ð2vAN  vBN  vCNÞ ð9Þ
vy ¼ 1ﬃﬃﬃ
3
p ðvBN  vCNÞ ð10Þ
Figure 5 Flowchart of ﬁrst advanced algorithm for 7-level Z-
source inverter.
Figure 6 Flowchart of second advanced algorithm for 7-level Z-
source inverter.
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that minimizes the space error according to a reference vector
v0ref. Fig. 4 shows an enlarged representation of different
vectors generated by the inverter. The control strategy must
determine in which hexagon the reference vector is located [1].
The decision between vh and vl is done by the following rela-
tion [1]:
Table 2 System parameters.
Vdc 100 V
L1 = L2 5 mH
C1 = C2 2100 lF
Nominal frequency 60 Hz
Load impedance 100 X
P.F. of load 1
Figure 7 Output voltage of PWM for fundamental = 400 V.
Figure 8 Output voltage of ﬁrst advanced algorithm for
fundamental = 400 V; (a) n= 5 and ma = 1.063; (b) n= 0, 1
and ma = 1.1; (c) n= 0, 2 and ma = 0.95.
Figure 9 Output voltage of second advanced algorithm for
fundamental = 400 V; (a) n= 5 and ma = 1.05; (b) n= 0, 1 and
ma = 1.1; (c) n= 0, 2 and ma = 0.95.
Generalized space vector controls 1165if vy > avx þ b then vsel ¼ vh
else vsel ¼ vl
ð11Þ
where vsel ¼ vsx þ jvsy is the selected vector, delivered by the
inverter.In this algorithm, Tst cannot be determined simply. Thus, it
should be deﬁned equivalent boost factor (B). Equivalent B is
calculated from comparison between lack and presence of
Z-network in inverters.
In this section, different states (n) to generate the same out-
put voltage with low THD, as the purpose, are veriﬁed. So, the
following algorithm is suggested:
vpuðma;BÞ ¼ vdes
Vdc
ð12Þ
where vdes is desired fundamental voltage and ma is modulation
index. Because of dependence of B on ma, it can be written as
follows:
vpu ¼ f1ðmaÞ ¼ f2ðBÞ ð13Þ
where f1 and f2 can be approximated based on numerical data.
In this paper, thirteen order approximation is used.
Figs. 5 and 6 show advanced algorithms for the determina-
tion of n and ma. In this ﬂowchart, L is the number of
shoot-through state of n, where 0 6 L 6 55 for 7-level inverter.
m and k are ma and the number of n as response of the
algorithms, respectively, and S is sample accuracy of ma. The
difference between these algorithms is appeared when:
ma  1S–½ma  1S. In other words, ma will not be sample modu-
lation index. Thus, in sample modulation indexes, these two
algorithms are equal.
Use of these algorithms makes it possible to achieve a wide
range of output voltage.
Figure 10 Output voltage of PWM for fundamental = 900 V.
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4.1. Simulation results
Simulations have been performed to validate the suggested
algorithms. In these simulations, cascaded H-bridge 7-levelFigure 11 Output voltage of ﬁrst advanced algorithm for fundament
ma = 1.1; (c) n= 1, 2, 3, 5 and ma = 0.96; (d) n= 1, 2, 4, 5 and ma =
ma = 1.1; (g) n= 0, 1, 2, 3, 5 and ma = 1.023; (h) n= 0, 2, 3, 4, 5 aZ-source inverter is employed. The system parameters are
listed in Table 2.
In this section, the output voltage is classiﬁed into two
groups: (a) low voltage, and (b) high voltage.
4.1.1. Low voltage
This group signiﬁes vpu 6 6. Figs. 7–9 show output voltages of
inverter based on PWM and the suggested algorithm in differ-
ent n and ma for (for example) 400 V. It can be observed that
THD of PWM is more than suggested algorithms base SVC,
signiﬁcantly. Then, SVC is better choice from viewpoint of
THD. The outputs of two suggested algorithms are the same
in n= 0, 1 and n= 0, 2, since ma is sample modulation index.
But in n= 5, there is a difference between two algorithms,
because: ma  1S– ma  1S
 
. Although n= 5 is the best one
because of suitable voltage with low THD that it is choice of
two advanced algorithms.al = 900 V; (a) n= 1, 2, 3 and ma = 0.957; (b) n= 1, 2, 3, 4 and
0.945; (e) n= 1, 3, 4, 5 and ma = 0.964; (f) n= 0, 1, 2, 3, 4 and
nd ma = 1.094.
Figure 12 Output voltage of second advanced algorithm for fundamental = 900 V; (a) n= 1, 2, 3 and ma = 0.95; (b) n= 1, 2, 3, 4 and
ma = 1.1; (c) n= 1, 2, 3, 5 and ma = 0.95; (d) n= 1, 2, 4, 5 and ma = 0.95; (e) n= 1, 3, 4, 5 and ma = 0.95; (f) n= 0, 1, 2, 3, 4 and
ma = 1.1; (g) n= 0, 1, 2, 3, 5 and ma = 1; (h) n= 0, 2, 3, 4, 5 and ma = 1.1.
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Medium voltage means the range of 6 6 vpu. In Figs. 10–12,
output voltage of inverter for (for example) 900 V is displayed.
From this ﬁgures it is evident that, for ﬁrst advanced SVC
algorithm, shoot-through implementation in n= 0, 1, 2, 3, 4,
n= 1, 2, 3, 4, and n= 0, 2, 3, 4, 5 and for second advanced
algorithm shoot-through implementation in n= 0, 1, 2, 3, 4,
and n= 1, 2, 3, 4 have appropriate performance which
advanced algorithms select n= 0, 1, 2, 3, 4 or n= 1, 2, 3, 4.
As a result, suggested SVC algorithms have very low THD
compared PWM, also, voltage error of ﬁrst advanced algo-
rithm is lower than second advanced algorithm. Increase in
output voltage causes THD increase, consequently, but it
can be acceptable.
4.2. Experimental results
Cascaded H-bridge 5-level Z-source inverter was built using
IRFP460 MOSFETS as the switching devices andMUR820G as fast diodes. A 10V dc voltage source was
used to individually supply of each basic units. Z-networks
consist of 630 lF capacitors and 2:2 mH inductors. The
switching signals that were obtained from PWM algorithm
were produced with microcontroller for B= 1.25 and
f= 50 Hz. The switching signals were interfaced to the
inverter power switches through optocoupler isolators
TLP521. Fig. 13(a) shows photographs of the prototype. It
consists of two basic units, two Z-source networks, two
DC voltage sources, one full bridge, load (72þ 11:3j X)
and a microcontroller.
Output voltage of each basic unit is shown in Fig. 13(b),
and the levels of vi are approximately 0, 12.5. As compared
to dc voltage source, the amplitude of voltage is boosted
according to B= 1.25. The load voltage is shown in
Fig. 13(c). Measured ﬁve levels are approximately 0, ±12.5,
±25. As it can be seen, the results verify the ability of pro-
posed inverter in voltage boosting and generation of desired
output voltage waveform.
Figure 13 (a) Photographs of the prototype; (b) output voltage
of Z-network (vi); (c) load voltage (10 V/DIV).
1168 A. Baghbany Oskouei, A.R. Dehghanzadeh5. Conclusion
This paper employed space vector control as control strategy
of cascaded H-bridge multilevel Z-source inverter. Use of Z-
source causes more reliability and bucking or boosting capac-
ity of output voltage. In this case, two advanced algorithms
proposed make it possible to achieve a wide range of output
voltage with lowest THD. These algorithms produce a high-
quality voltage with an extremely low switching frequency
which can be easily implemented in a standard DSP motor
controller. Simulations have veriﬁed the proposed algorithms
in three levels of output voltages. The simulation results
demonstrate the accuracy of suggested algorithms.
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